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7KH WK &,53 &RQIHUHQFH RQ /LIH &\FOH (QJLQHHULQJ
,PSURYLQJ PHFKDQLFDO SURSHUWLHV RI UHF\FOHG SRO\SURS\OHQHEDVHG
FRPSRVLWHV XVLQJ 7DJXFKL DQG $129$ WHFKQLTXHV
<LWDR =+(1* )X *8 <DQUX 5(1 3KLOLS +$// DQG 1LFKRODV - 0,/(6
'HSDUWPHQW RI &KHPLFDO DQG (QYLURQPHQWDO (QJLQHHULQJ 1RWWLQJKDP 8QLYHUVLW\ 1LQJER  &KLQD35
 &RUUHVSRQGLQJ DXWKRU 7HO     (PDLO DGGUHVV )X*8#QRWWLQJKDPHGXFQ
$EVWUDFW
7KLV VWXG\ ZDV DLPHG DW RSWLPLVLQJ WKH FRPSRVLWLRQ RI UHF\FOHG SODVWLF EDVHG FRPSRVLWH IRU LPSURYLQJ PHFKDQLFDO SHUIRUPDQFH 7KH IUDFWLRQV
RI YLUJLQ SRO\SURS\OHQH Y33 WDOFXP SRZGHU WDOF DQG PDOHLF DQK\GULGH JUDIWHG SRO\SURS\OHQH 0$33 ZHUH VHOHFWHG DV FRQWUROODEOH IDFWRUV
7DJXFKL /  RUWKRJRQDO DUUD\ 2$ ZDV DSSOLHG DV DQ H[SHULPHQWDO GHVLJQ WRRO &RPSRVLWLRQV ZHUH SUHSDUHG E\ H[WUXVLRQ DQG LQMHFWLRQ
PRXOGLQJ 7KH SHUIRUPDQFH ZDV PHDVXUHG DQG H[SUHVVHG LQ VLJQDO WR QRLVH 61 UDWLR 7KH 61 UDWLRV ZHUH LQYHVWLJDWHG E\ WKH 7DJXFKL
FRXSOHG DQDO\VLV RI YDULDQFH $129$ WR GHWHUPLQH RSWLPDO FRQGLWLRQ 7KH HIIHFWLYHQHVV DQG HIILFLHQF\ RI WKH SURSRVHG DSSURDFK ZDV
GHPRQVWUDWHG WKURXJK FRQILUPDWLRQ WHVWV
  7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU %9
3HHUUHYLHZ XQGHU UHVSRQVLELOLW\ RI WKH VFLHQWLILF FRPPLWWHH RI WKH WK &,53 &RQIHUHQFH RQ /LIH &\FOH (QJLQHHULQJ
.H\ZRUGV 5HF\FOHG SRO\SURS\OHQH 0HFKDQLFDO SURSHUW\ 7DJXFKL PHWKRG $QDO\VLV RI YDULDWLRQ 6LJQDO WR QRLVH UDWLR
 ,QWURGXFWLRQ
8QGHU WKH FRQFHSW RI FLUFXODU HFRQRP\ LW LV PRUH
HFRQRPLF DQG HQYLURQPHQWDO WR XVH UHF\FOHG SODVWLFV WR
UHSODFH YLUJLQ SODVWLFV HVSHFLDOO\ IRU PDWHULDOV RI HQRUPRXV
FRQVXPSWLRQ VXFK DV SRO\SURS\OHQH 33 >@ $OVR H[WHQGLQJ
WKH XVH RI UHF\FOHG PDWHULDOV FRXOG SURPRWH WKH UHF\FOLQJ UDWH
>@ %XW UHF\FOHG 33 U33 WHQG WR KDYH LQIHULRU SHUIRUPDQFH
GXULQJ PDQXIDFWXULQJ SURFHVV ZKHQ FRPSDUHG ZLWK YLUJLQ
PDWHULDOV >@ WKH DSSOLFDWLRQV RI U33 DUH WKHUHE\ OLPLWHG
>@ :LWK WKH DGGLWLRQ RI ILOOHUV UHF\FOHG SRO\PHU PDWUL[
FRPSRVLWHV 530&V ZLWK GHVLUDEOH SURSHUWLHV FDQ EH
SURGXFHG >@ DQG VRPH RI WKHP DUH HYHQ EHWWHU WKDQ YLUJLQ
PDWHULDOV >@7DOFXP SRZGHU WDOF LV RQH RI WKH PRVW XVHG
UHLQIRUFLQJ ILOOHUV XVHG IRU SURPRWLQJ WKH SHUIRUPDQFH RI U33
>@ 7DOF QRW RQO\ HQDEOHV WR LPSURYH ERWK WKH WKHUPDO
DQG PHFKDQLFDO SURSHUWLHV RI U33 >@ EXW DOVR IDFLOLWDWHV WKH
SURGXFWLRQ E\ UHGXFLQJ DQG KRPRJHQL]LQJ WKH PROGLQJ
VKULQNDJH >@ $OVR WDOF KDV D SRVLWLYH VWDELOLVLQJ HIIHFW RQ WKH
PHFKDQLFDO SURSHUWLHV RI 33 FRPSRVLWHV >@ 7KH VWDELOLVLQJ
HIIHFW RI WDOF DGGLWLRQ LV KLJKO\ GHSHQGHG RQ WKH LQWHUIDFHV
EHWZHHQ WKH WDOF DQG WKH 33 PDWUL[ >@ )XUWKHU WKHUH DUH VRPH
WUDGHRIIV LQ U33WDOF FRPSRVLWHV DV WHQVLOH DQG IOH[XUDO
SURSHUWLHV LQFUHDVHG ZLWK DGGLWLRQ RI WDOF ZKLOH LPSDFW
SURSHUWLHV GHWHULRUDWHG >@ 7KXV IRUPXOD DQDO\VLV GHVLJQ
DQG RSWLPLVDWLRQ RI U33WDOF FRPSRVLWH DUH UHTXLUHG WR H[WHQG
LWV DSSOLFDWLRQ
1RPHQFODWXUH
$(9 $FFXPXODWHG H[SODLQHG YDULDWLRQ
$129$ $QDO\VLV RI YDULDQFH
') 'HJUHH RI IUHHGRP
(9 ([SODLQHG YDULDWLRQ
)0 )OH[XUDO PRGXOXV
)6 )OH[XUDO VWUHQJWK
*5$ *UH\ UHODWLRQDO DQDO\VLV
+&$ +LHUDUFKLFDO FOXVWHULQJ DQDO\VLV
0$33 0DOHLF DQK\GULGH JUDIWHG SRO\SURS\OHQH
06 0HDQ RI VTXDUH
0), 0HOW IORZ LQGH[
2$ 2UWKRJRQDO DUUD\
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33 3RO\SURS\OHQH
3& 3ULQFLSOH FRPSRQHQW
3&$ 3ULQFLSOH FRPSRQHQW DQDO\VLV
3&( 3ULQFLSDO FRPSRQHQW HVWLPDWH
530& 5HF\FOHG SRO\PHU PDWUL[ FRPSRVLWH
U33 5HF\FOHG SRO\SURS\OHQH
560 5HVSRQVH VXUIDFH PHWKRGRORJ\
6(0 6FDQQLQJ HOHFWURQLF PLFURVFRS\
61 6LJQDO WR QRLVH
66 6XP RI VTXDUH
6(%6 6W\UHQHHWK\OHQHEXW\OHQHVW\UHQH
7DOF 7DOFXP SRZGHU
70 7HQVLOH PRGXOXV
76 7HQVLOH VWUHQJWK
Y33 9LUJLQ SRO\SURS\OHQH
)RUPXOD GHVLJQ RI SRO\PHULF FRPSRVLWHV KDV DWWUDFWHG DQ
LQFUHDVLQJ DWWHQWLRQ GXULQJ UHFHQW \HDUV DQG VHYHUDO
DSSURDFKHV KDYH EHHQ GHYHORSHG WR RSWLPLVH WKH FRPSRVLWLRQ
RI 33 FRPSRVLWHV IRU LPSURYLQJ PXOWLSOH SURSHUWLHV
>@ /HX HW DO XVHG H[SHULPHQWDO GHVLJQ WR
REWDLQ WKH RSWLPDO OHYHOV RI WKH VHOHFWHG FRPSRQHQWV LQ DQ
DUUDQJHG VHTXHQFH >@ +RPNKLHZ HW DO DGDSWHG D 'RSWLPDO
PL[WXUH H[SHULPHQWDO GHVLJQ LQ PRGHOOLQJ RI PHFKDQLFDO
FKDUDFWHULVWLFV RI ZRRG IORXU ILOOHG 530&V >@ $\D] HW DO
XVHG 7DJXFKL PHWKRG FRPELQHG ZLWK JUH\ UHODWLRQDO DQDO\VLV
*5$ WR GHWHUPLQH WKH RSWLPDO FRPSRVLWLRQ RI
33//'3(7L26(%6 FRPSRVLWHV IRU LPSURYLQJ LPSDFW DQG
IOH[XUDO VWUHQJWK >@ 7DJXFKL RSWLPLVDWLRQ DSSURDFK ZDV
DOVR DGDSWHG E\ 3RUUDV HW DO IRU LPSURYLQJ WHQVLOH SURSHUWLHV RI
ELRFRPSRVLWHV >@ *KDVHPL HW DO GHVLJQHG H[SHULPHQWV
DFFRUGLQJ WR UHVSRQVH VXUIDFH PHWKRGRORJ\ 560 WR
RSWLPLVH WKH IUDFWLRQV RI WDOF 0$33 DQG H[IROLDWHG JUDSKHQH
QDQRSODWHOHWV [*Q3V >@ ,Q RXU SUHYLRXV ZRUN KLHUDUFKLFDO
FOXVWHULQJ DQDO\VLV +&$ DQG SULQFLSDO FRPSRQHQW HVWLPDWH
3&( ZDV XVHG WR REWDLQ FKHDSHVW U33 FRPSRVLWHV ZKLFK PHW
WKH WHFKQLFDO UHTXLUHPHQWV RI DXWRPRELOH SDUWV >@
7KH OLWHUDWXUH UHYLHZ VKRZV UHVHDUFK RQ IRUPXOD GHVLJQ IRU
U33 FRPSRVLWHV LV OLPLWHG >@ $GDSWLQJ U33 LQWR
PDQXIDFWXULQJ FRXOG LQFUHDVH WKH UHF\FOLQJ UDWH RI SODVWLF
ZDVWH >@ DQG WKH FRPSRVLWLRQ RSWLPLVDWLRQ FDQ EH WKHUHE\
FRQVLGHUHG WR EH WKH ILUVW FUXFLDO VWHS >@ 7DJXFKL PHWKRG DQG
DQDO\VLV RI YDULDQFH $129$ ZHUH DSSOLHG IRU WKLV SXUSRVH
7DJXFKL PHWKRG FRXSOHG ZLWK $129$ KDV EHHQ H[WHQVLYHO\
DSSOLHG LQ RSWLPLVLQJ PDQXIDFWXULQJ SURFHGXUHV RI SODVWLF
SURGXFWV >@ RQO\ OLPLWHG DSSOLFDWLRQV
ZHUH IRXQG LQ IRUPXOD GHVLJQ >@ ,Q WKLV VWXG\ Y33 WDOF
DQG 0$33 ZHUH VHOHFWHG DV WKH FRQWUROODEOH IDFWRUV DQG
H[SHULPHQWDO GHVLJQ ZDV EDVHG RQ D 7DJXFKL /  2$ 7KH
DLP RI XVLQJ 7DJXFKL 2$ LV WR UHGXFH WKH QXPEHU RI LQLWLDO
FRPSRVLWLRQ WULDOV ZLWKRXW VDFULILFLQJ FRPSDUDELOLW\ RI
FRQWUROODEOH IDFWRUV >@ &RPSDUHG ZLWK RWKHU IRUPXOD
RSWLPLVDWLRQ DSSURDFKHV >@ WKH WULDOV XVHG LQ
7DJXFKL PHWKRG DUH PLQLPDO >@ 7KH WHVWHG PHFKDQLFDO
SURSHUWLHV ZHUH H[SUHVVHG LQ IRUP RI VLJQDO WR QRLVH 61
UDWLRV DQG WKH HIIHFW RI HDFK FRPSRQHQW ZDV DQDO\VHG 'XH WR
WKH VLQJOH UHVSRQVH FRQWUROOLQJ FDSDFLW\ RI 7DJXFKL PHWKRG
>@ DQG >@ WKH WHVWHG PHFKDQLFDO SURSHUWLHV ZHUH
WUDQVIRUPHG WR D VHULHV RI VFRUHV XVLQJ SULQFLSDO FRPSRQHQW
DQDO\VLV 3&$ 7KH RSWLPDO IRUPXOD ZDV KHQFH REWDLQHG YLD
DQDO\VLQJ 3&$ VRFUHV DQG ZDV ODWHU YHULILHG WKURXJK
FRQILUPDWLRQ WHVWV
 ([SHULPHQWDO
 0DWHULDOV
7KH U33 SHOOHWV XVHG LQ WKLV VWXG\ ZDV SXUFKDVHG IURP
7LDQTLDQJ 5HF\FOLQJ &R /WG 6KDQJKDL &KLQD DQG KDYH D
GHQVLW\ RI  J FP DQG D PHOW IORZ LQGH[ 0), DW  &
XQGHU D ORDG RI  NJ DFFRUGLQJ WR ,62 RI 
J PLQ $Q LQMHFWLRQ JUDGH RI 33 KRPRSRO\PHU ZLWK WUDGH
PDUN RI + SURGXFHG E\ /* &KHP &R /WG 5HSXEOLF RI
.RUHD ZDV XVHG DV Y33 LQ WKH PDWUL[ UHVLQ 7KH GHQVLW\ DQG
0), DUH  J FP DQG  J PLQ UHVSHFWLYHO\ 7KH
FRXSOLQJ DJHQW  PDOHLF DQK\GULGH JUDIWHG SRO\SURS\OHQH
0$33 XVHG LQ WKLV VWXG\ LV ERXJKW IURP 1DQMLQJ 'HED
&KHPLFDO &R/WG KDV D GHQVLW\ RI  J FP DQG D 0), RI
 J PLQ 7DOF XVHG LQ WKLV VWXG\ LV SXUFKDVHG IURP
1LQJER +DLNH D ORFDO VXSSOLHU KDV DQ DYHUDJH SDUWLFOH VL]H RI
 P DQG D GHQVLW\ RI  J FP
 'HVLJQ RI &RPSRVLWLRQV
7KH  VHOHFWHG FRPSRQHQWV  Y33 ZW WDOF ZW DQG
0$33 ZW DQG WKHLU OHYHOV DUH VKRZQ LQ 7DEOH  7KH IXOO
IDFWRULDO GHVLJQ UHTXLUHV   SRVVLEOH FRPELQDWLRQV RI WHVWV
WR HYDOXDWH WKH HIIHFWV RI WKH VHOHFWHG FRPSRQHQWV ZKLOH RQO\
D WRWDO RI  H[SHULPHQWV UHTXLUHG LQ D 7DJXFKL /  2$ DV
VKRZQ LQ 7DEOH  $ VLJQLILFDQW UHGXFWLRQ LQ WKH QXPEHU RI
WULDOV KDV EHHQ DFKLHYHG ZKHQ FRPSDUHG ZLWK SUHYLRXVO\
SURSRVHG IRUPXOD RSWLPLVDWLRQ PHWKRGV >@
7DEOH  6HOHFWHG FRPSRQHQWV Y33 WDOF DQG 0$33 DQG WKHLU OHYHOV
&RPSRQHQWV /HYHO  /HYHO  /HYHO 
Y33 ZW   
WDOF ZW   
0$33 ZW   
7DEOH  'HVLJQHG FRPSRVLWLRQV EDVHG XSRQ 7DJXFKL /  2$
7ULDO 1R Y33 ZW WDOF ZW 0$33 ZW
   
   
   
   
   
   
   
   
   
 6DPSOH 3UHSDUDWLRQ
$IWHU GU\LQJ LQ DQ RYHQ DW R& IRU  K DQG PL[LQJ LQ D
KLJKVSHHG PL[HU IRU  PLQ DOO PDWHULDOV ZHUH FRPSRXQGHG
E\ D .56+- FRURWDWLQJ WZLQVFUHZ H[WUXGHU ZKRVH VFUHZ
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GLDPHWHU LV  PP DQG /'  ZLWK SURFHVVLQJ WHPSHUDWXUHV
ZHUH LQFUHDVHG IURP R& WR R& 7KH VFUHZ URWDWLQJ
VSHHG ZDV VHW DW  USP 7KH SHOOHWV ZHUH GULHG DW R& IRU
 K EHIRUH EHLQJ LQMHFWLRQ PRXOGHG LQWR ,62 VSHFLPHQV XVLQJ
D +DLWLDQ 0$ LQMHFWLRQ PRXOGLQJ PDFKLQH LQ D
WHPSHUDWXUH SURILOH RI R&R&R&R&R&
 7HVWV
,Q WKLV VWXG\ WKH WHVWHG PHFKDQLFDO SURSHUWLHV ZHUH WHQVLOH
PRGXOXV 70 WHQVLOH VWUHQJWK 76 IOH[XUDO PRGXOXV )0
DQG IOH[XUDO VWUHQJWK )6 7HQVLOH WHVWV ZHUH SHUIRUPHG RQ DQ
*RWHFK 7&61( XQLYHUVDO WHVWLQJ PDFKLQH DW D FURVVKHDG
VSHHG RI  PP PLQ IROORZLQJ ,62 )OH[XUDO
WHVWV ZHUH SHUIRUPHG RQ DQ *RWHFK 7&61( XQLYHUVDO
WHVWLQJ PDFKLQH DW D FURVVKHDG VSHHG RI  PP PLQ DQG ZLWK
D VSDQ RI  PP IROORZLQJ ,62 $YHUDJH YDOXHV RI
 WHVWHG VSHFLPHQV ZHUH UHSRUWHG 7KH IUDFWXUH VXUIDFH RI
WHVWHG VSHFLPHQV ZDV VFDQQHG XVLQJ D =HLVV 6LJPD VFDQQLQJ
HOHFWURQ PLFURVFRSH DW DQ DFFHOHUDWLRQ YROWDJH RI  N9
7KH WDUJHWHG VXUIDFH ZDV FRDWHG ZLWK JROG SULRU WR WKH 6(0
DQDO\VLV
 5HVXOWV DQG 'LVFXVVLRQ
 $QDO\VLV RI 61 5DWLRV
,Q WKLV VWXG\ VLQFH KLJKHU PHFKDQLFDO SHUIRUPDQFH ZDV
H[SHFWHG WKH 61 UDWLRV RI WHVWHG PHFKDQLFDO SURSHUWLHV ZHUH
WKHUHE\ FDOFXODWHG XVLQJ 
WKH KLJKHU WKH EHWWHU
 HTXDWLRQ ZKLFK
VKRZQ DV IROORZ >@ DQG >@
 

   ORJ  
Q
L L
6 1
Q \ 
  ¦ 
LQ ZKLFK \L LV WKH LWK H[SHULPHQW DW WKH WHVW Q LV WKH WRWDO
QXPEHU RI WULDOV LQ WKH WHVW DQG V LV WKH VWDQGDUG GHYLDWLRQ RI
\L ,Q WKLV VWXG\ Q  7KH H[SHULPHQWDO UHVXOWV RI WKH WHVWHG
PHFKDQLFDO SURSHUWLHV DQG WKHLU 61 UDWLRV DUH VKRZQ LQ 7DEOH
 DQG WKH PDLQ HIIHFWV RI WKH VHOHFWHG FRPSRQHQWV DUH SORWWHG
LQ )LJ WR )LJ 6LQFH WKH KLJKHVW 61 UDWLR DOZD\V \LHOGV WKH
RSWLPXP TXDOLW\ ZLWK PLQLPXP YDULDQFH >@ WKH
RSWLPXP OHYHO RI FRQWUROODEOH IDFWRU FDQ EH FKRVHQ YLD
FRPSDULQJ WKH YDOXHV RI 61 UDWLRV >@
7DEOH  'HVLJQHG FRPSRVLWLRQV EDVHG XSRQ 7DJXFKL /  2$
7ULDO
1R 70
61
RI
70
76 61RI 76 )0
61
RI
)0
)6 61RI )6
        
        
        
        
        
        
        
        
        
)LJ  3ORW RI 61 UDWLRV DJDLQVW WKH VHOHFWHG FRPSRQHQWV IRU 70
)LJ  3ORW RI 61 UDWLRV DJDLQVW WKH VHOHFWHG FRPSRQHQWV IRU 76
)LJ  3ORW RI 61 UDWLRV DJDLQVW WKH VHOHFWHG FRPSRQHQWV IRU )0
)LJ  3ORW RI 61 UDWLRV DJDLQVW WKH VHOHFWHG FRPSRQHQWV IRU )6
)LJ  DQG )LJ  VKRZ WKDW WKH WDOF ZDV WKH PRVW LQIOXHQWLDO
IDFWRU DIIHFWLQJ 70 DQG )0 DV LPSURYHPHQWV RI  DQG
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  KDYH EHHQ DFKLHYHG IRU 70 DQG )0 ZKHQ WDOF
FRQWHQW ZDV LQFUHDVHG IURP  ZW WR  ZW 7KH
HQKDQFHPHQW LV FRPSDWLEOH ZLWK RXU SUHYLRXV ZRUN >@ ZKLFK
FRXOG DWWULEXWH WR WKH LQFUHDVHG FRQWHQW RI ULJLG WDOF SDUWLFOHV
>@ DQG WKH KLJKHU FU\VWDOOLQLW\ FRQWHQW IRUPHG ZLWK WKH
LQFUHDVLQJ WDOF FRQWHQW >@ )LJ  VKRZV D JRRG GLVSHUVLRQ RI
WDOF SDUWLFOHV ZLWKLQ 33 PDWUL[ ZKLFK VXSSRUWV WKLV DVVHUWLRQ
)LJ  DQG )LJ  VKRZ WDOF KDV D QHJDWLYH HIIHFW RQ 76 DQG )6
ZKLOH WKH Y33 LV WKH PRVW VLJQLILFDQW IDFWRU LQ LPSURYLQJ 76
DQG )6 YDOXHV IROORZHG E\ WKH 0$33 7KHVH ILQGLQJV DUH
FRQVLVWHQW ZLWK WKH UHVXOWV SURYLGHG E\ *X >@
)LJ  6(0 LPDJH RI WKH VSHFLPHQ ZLWK Y33  ZW WDOF  ZW DQG
0$33  ZW DW WKH QRQGHIRUPHG VWDWH
7KH LQWHUDFWLRQV EHWZHHQ WKH VHOHFWHG FRQWUROODEOH IDFWRUV
RI WHVWHG PHFKDQLFDO SURSHUWLHV ZHUH LQYHVWLJDWHG YLD WKH
LQWHUDFWLRQ SORWV VKRZQ LQ )LJ WR )LJ 7KH DYHUDJH 61
UDWLRV RI WKH PHFKDQLFDO SURSHUWLHV DUH VKRZQ LQ WKH YHUWLFDO
D[LV LQ WKH ILJXUHV ZKLOH WKH YDULDWLRQ RI WKH FRPSRQHQWV DUH
VKRZQ LQ WKH KRUL]RQWDO D[LV
7KH LQWHUDFWLRQV EHWZHHQ WDOF DQG 0$33 RI 70 DUH
LQVLJQLILFDQW VLQFH SDUDOOHO OLQHV DUH REVHUYHG LQ )LJ D 7KH
LQWHUDFWLRQV EHWZHHQ Y33 DQG 0$33 RI 70 DUH PRVW
VLJQLILFDQW ZKLFK IROORZHG E\ Y33 DQG WDOF ,Q WKH Y33 î
0$33 LQWHUDFWLRQV RI 70 )LJ E WKH 61 UDWLRV RI 
ZW 0$33 DUH LQLWLDOO\ LQFUHDVHG ZLWK LQFUHDVLQJ Y33
FRQWHQW DQG ILQDOO\ GHFUHDVHG ZKLOH WKH 61 UDWLRV RI 
ZW 0$33 VKRZ D FRPSOHWHO\ RSSRVLWH SDWWHUQ GHFUHDVHG
LQLWLDOO\ DQG ODWHU LQFUHDVHG ZLWK Y33 FRQWHQW 7KH 61 UDWLRV
RI  ZW 0$33 LV GHFUHDVLQJ ZLWK Y33 FRQWHQW ,Q WKH Y33 î
WDOF LQWHUDFWLRQV RI 70 )LJ F WKH 61 UDWLRV RI  ZW
WDOF DQG  ZW WDOF VKRZ OLWWOH FKDQJH ZLWK Y33 FRQWHQW
ZKLOH WKH 61 UDWLRV RI  ZW WDOF DUH LQLWLDOO\ GHFUHDVHG
DQG HYHQWXDOO\ LQFUHDVHG ZLWK Y33 FRQWHQW )RU WKH 61 UDWLRV
RI 76 WKH Y33 î WDOF DQG Y33 î 0$33 LQWHUDFWLRQV DUH
LQVLJQLILFDQW VLQFH SDUDOOHO OLQHV VKRZQ LQ )LJ E DQG F
H[FHSW IRU  ZW 0$33 LQ Y33 î 0$33 ZKLFK LV LQLWLDOO\
LQFUHDVHG DQG WKHQ HYHQWXDOO\ GHFUHDVHG ZLWK Y33 FRQWHQW
7KH LQWHUDFWLRQV EHWZHHQ WDOF DQG 0$33 RI 76 )LJ D DUH
PRVW VLJQLILFDQW
7KH Y33 î 0$33 LQWHUDFWLRQV RI )0 DUH DV WKH VDPH DV
WKDW RI 70 ZKLFK DUH PRVW VLJQLILFDQW DV VKRZQ LQ )LJ E
DQG )LJ E ,Q WKH Y33 î WDOF LQWHUDFWLRQV RI )0 )LJ F
WKH 61 UDWLRV RI  ZW WDOF DUH LQFUHDVLQJ ZLWK Y33 FRQWHQW
DQG WKH 61 UDWLRV RI  ZW WDOF DUH LQLWLDOO\ LQFUHDVHG DQG
HYHQWXDOO\ GHFUHDVHG ZLWK Y33 FRQWHQW ZKLOH WKH 61 UDWLRV RI
 ZW WDOF KDYH VKRZQ DQ RSSRVLWH EHKDYLRXU )RU WDOF î
0$33 WKHLU LQWHUDFWLRQV DUH PRVW LQVLJQLILFDQW DV DOO WKH 61
UDWLRV DUH LQFUHDVHG ZLWK WDOF FRQWHQW 7KH JHQHULF SDWWHUQ RI
LQWHUDFWLRQV EHWZHHQ WKH VHOHFWHG FRPSRQHQWV RI )6 LV VLPLODU
WR WKH LQWHUDFWLRQV RI 76 7KH Y33 î WDOF DQG Y33 î 0$33
LQWHUDFWLRQV ZHUH TXLWH LQVLJQLILFDQW DV VKRZQ LQ )LJ E DQG
F 7KH WDOF î 0$33 LQWHUDFWLRQV )LJ D DUH PRVW
VLJQLILFDQW
)LJ  ,QWHUDFWLRQ SORWV RI D WDOF î 0$33 E Y33 î 0$33 F Y33 î WDOF
IRU 70
)LJ  ,QWHUDFWLRQ SORWV RI D WDOF î 0$33 E Y33 î 0$33 F Y33 î WDOF
IRU 76
)LJ  ,QWHUDFWLRQ SORWV RI D WDOF î 0$33 E Y33 î 0$33 F Y33 î WDOF
IRU )0
WDOF
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)LJ  ,QWHUDFWLRQ SORWV RI D WDOF î 0$33 E Y33 î 0$33 F Y33 î WDOF
IRU )6
$129$ ZDV DSSOLHG WR HVWLPDWH WKH HUURU YDULDQFH RI WKH
FRPSRQHQWV
 HIIHFWV DQG WR REWDLQ WKHLU FRQWULEXWLRQV 7KH
UHVXOWV RI $129$ IRU WKH 61 UDWLRV RI WHVWHG PHFKDQLFDO
SURSHUWLHV DUH JLYHQ LQ 7DEOH  7KH $129$ UHVXOWV FRQILUP
WKH SUHYLRXV ILQGLQJV DV WDOF LV WKH PRVW LQIOXHQWLDO IDFWRU LQ
FRQWUROOLQJ 70 DQG )0 ZLWK FRQWULEXWLRQV RI  DQG
 UHVSHFWLYHO\ ZKLOH Y33 LV WKH PRVW LQIOXHQWLDO IDFWRU
LQ FRQWUROOLQJ 76 DQG )6 ZLWK FRQWULEXWLRQV RI  DQG
 UHVSHFWLYHO\ 7KH LQIOXHQFHV RI HUURU RQ DOO WHVWHG
PHFKDQLFDO SURSHUWLHV DUH QHJOLJLEOH VLQFH WKHLU FRQWULEXWLRQV
DUH OHVV WKDQ 
7DEOH  &RQWULEXWLRQV IRU 61 UDWLRV RI WHVWHG PHFKDQLFDO SURSHUWLHV REWDLQHG
E\ $129$
6RXUFH ') &RQWULEXWLRQ RI 70
&RQWULEXWLRQ
 RI 76
&RQWULEXWLRQ
 RI )0
&RQWULEXWLRQ
 RI )6
Y33     
WDOF     
0$33     
(UURU     
7RWDO 
 5HGXFWLRQ RI 'LPHQVLRQDOLW\
3&$ FDQ UHGXFH WKH GLPHQVLRQDOLW\ RI D GDWD VHW FRQVLVWLQJ
RI D QXPEHU RI LQWHUUHODWHG YDULDEOHV ZKLOH UHWDLQLQJ DV PXFK
DV SRVVLEOH RI WKH YDULDWLRQ SUHVHQW LQ WKH RULJLQDO GDWD VHW >@
3ULQFLSDO FRPSRQHQWV 3& DUH VHOHFWHG DQG RUGHUHG DFFRUGLQJ
WR WKHLU H[SODLQHG YDULDWLRQ (9 >@ ,Q WKLV VWXG\ 3&$ LV
FDUULHG RXW LQ D JHQHULF FRUUHODWLRQ PDQQHU EDVHG RQ WKH
PHWKRG XVHG LQ RXU SUHYLRXV ZRUN >@ &RPSDUHG ZLWK
*5$ PHWKRG ZKLFK XVHG LQ SUHYLRXV OLWHUDWXUH >@
HPSOR\LQJ 3&$ IRU UHGXFLQJ GLPHQVLRQDOLW\ FDQ SUHVHUYH
PRVW RI WKH LQIRUPDWLRQ ZKHQ DYRLG WKH LPSDFWV RI UHODWHG
LQGLFDWRUV 7KH ILUVW WZR 3&V ZHUH VHOHFWHG VLQFH WKHLU
DFFXPXODWHG H[SODLQHG YDULDWLRQ $(9 ZDV RYHU  7KH
FRPSOHWH GHVFHQGLQJ UDQNLQJ RI 3&$ VFRUHV DUH VKRZQ LQ
7DEOH 
7DEOH  3&$ VFRUHV IRU WKH 61 UDWLRV RI WKH U33WDOF FRPSRVLWHV
5DQN 6FRUH 7ULDO 1R
  
  
  
  
  
  
  
  
  
%DVHG XSRQ 7DEOH  WKH PDLQ HIIHFWV RI WKH VHOHFWHG
FRPSRQHQWV RQ WKH 3&$ VFRUHV DUH SORWWHG LQ )LJ  6LQFH D
ODUJHU 3&$ VFRUH LQGLFDWHV D EHWWHU RYHUDOO PHFKDQLFDO
SHUIRUPDQFH WKH RSWLPDO FRQGLWLRQV IRU WKH VHOHFWHG
FRQWUROODEOH IDFWRUV ZHUH KHUHE\ REWDLQHG  ZW Y33 
ZW WDOF DQG  ZW 0$33 7KLV LV FRPSDWLEOH ZLWK
SUHYLRXV UHVHDUFK DV WKH FRQWHQW RI U33 VKRXOG EH OLPLWHG IRU
\LHOGLQJ D EHWWHU PHFKDQLFDO SHUIRUPDQFH >@
)LJ  3ORW RI 61 UDWLRV DJDLQVW WKH VHOHFWHG FRPSRQHQWV IRU 3&$ VFRUHV
7DEOH  $129$ UHVXOWV IRU 3&$ VFRUHV
6RXUFH ') 66 06 ) S!) &RQWULEXWLRQ 
Y33      
WDOF      
0$33      
(UURU    
7RWDO 
 &RQILUPDWLRQ 7HVWV
$ VHW RI FRQILUPDWLRQ WHVWV ZDV FDUULHG RXW WR YHULI\ WKH
REWDLQHG RSWLPDO FRQGLWLRQV 7KH U33 EDVHG FRPSRVLWH ZLWK
 ZW Y33  ZW WDOF DQG  ZW 0$33 ZDV SURFHVVHG
DQG WHVWHG LQ WKH VDPH PDQQHU DV SUHYLRXV FRPSRVLWHV $Q
DYHUDJH RI  VSHFLPHQV ZHUH WHVWHG IRU HDFK SURSHUW\ DQG
WKH H[SHULPHQWDO UHVXOWV DQG WKHLU 61 UDWLRV ZHUH VKRZQ LQ
7DEOH  $V VKRZQ LQ 7DEOH  WHQVLOH DQG IOH[XUDO SURSHUWLHV
ZHUH HQKDQFHG DW WKH RSWLPDO FRQGLWLRQV ZKHQ FRPSDUHG WR
WKH DYHUDJH SHUIRUPDQFH RI WKH LQLWLDO GHVLJQHG FRPSRVLWHV
70 ZDV WKH SURSHUW\ ZLWK WKH PRVW VLJQLILFDQW LPSURYHPHQW
RI  IROORZHG E\  RI )0 DQG  RI )6
7KXV DOO WHVWHG SURSHUWLHV VKRZ DQ REVHUYDEOH LPSURYHPHQW
292   Yitao Zheng et al. /  Procedia CIRP  61 ( 2017 )  287 – 292 
DQG WKH RYHUDOO PHFKDQLFDO SHUIRUPDQFH ZDV RSWLPLVHG E\ WKH
SURSRVHG DSSURDFK $OWKRXJK WKH RSWLPDO IRUPXOD RQO\
FRQWDLQV  ZW U33 WKH EOHQG UDWLR LV KLJKHU WKDQ WKH
FXUUHQW XVDJH RI UHF\FOHG PDWHULDOV LQ PDQXIDFWXULQJ VHFWRU
HJ OHVV WKDQ  LQ DXWRPRELOH LQGXVWU\ >@
7DEOH  ([SHULPHQWDO UHVXOWV DQG 61 UDWLRV RI WKH RSWLPDO FRPSRVLWH
3URSHUW\ ([SHULPHQWDO ǻ  RI([SHULPHQWDO 61 5DWLR
ǻ  RI
61
70    
76    
)0    
)6    
 ǻ LV WKH YDULDWLRQ H[SUHVVHG LQ  ZLWK UHVSHFW WR WKH DYHUDJH YDOXHV
SUHVHQWHG LQ 7DEOH 
 &RQFOXVLRQ
,Q WKLV VWXG\ 7DJXFKL PHWKRG FRXSOHG ZLWK $129$ ZHUH
HPSOR\HG WR RSWLPLVH WKH IRUPXOD RI U33WDOF FRPSRVLWHV IRU
LPSURYLQJ PHFKDQLFDO SHUIRUPDQFH 7KUHH FRPSRQHQWV Y33
WDOF DQG 0$33 ZHUH VHOHFWHG DV WKH FRQWUROODEOH IDFWRUV DQG D
7DJXFKL /  2$ ZDV XVHG IRU H[SHULPHQWDO GHVLJQ DV
QXPEHU RI LQLWLDO WULDOV ZDV PLQLPLVHG )URP WKH 61 UDWLR
DQDO\VLV LW ZDV IRXQG WKDW WDOF LV WKH PRVW LQIOXHQWLDO IDFWRU LQ
FRQWUROOLQJ 70 DQG )0 ZKLOH Y33 KDV WKH PRVW VLJQLILFDQW
LPSDFW RQ 76 DQG )6 7KH LQWHUDFWLRQV EHWZHHQ FRPSRQHQWV
ZHUH DOVR LQYHVWLJDWHG DV Y33 î 0$33 KDV PRVW REVHUYDEOH
LQIOXHQFHV RQ 70 DQG )0 ZKLOH WDOF î 0$33 LV WKH PRVW
LQIOXHQWLDO LQWHUDFWLRQ IRU 76 DQG )6 7KH LPSDFWV RI WKH WKUHH
FRPSRQHQWV ZHUH YHULILHG E\ $129$ UHVXOWV 7KH PXOWL
GLPHQVLRQDO GDWD ZDV UHGXFHG WR D VLQJOH DUUD\ RI VFRUHV YLD
3&$ DQG WKH RSWLPDO FRPSRVLWLRQ ZDV KHQFH REWDLQHG E\
DQDO\VLQJ WKH 3&$ VFRUHV 7KH HIIHFWLYHQHVV RI WKH 7DJXFKL
$129$ RSWLPLVLQJ DSSURDFK KDV EHHQ VXFFHVVIXOO\ SURYHQ
E\ FRQILUPDWLRQ WHVWV RQ WKH FRPSRVLWH RI WKH RSWLPDO IRUPXOD
&RPSDUHG ZLWK FXUUHQW LQGXVWULDO SUDFWLFH WKLV DSSURDFK
H[WHQGV WKH XVH RI UHF\FOHG SODVWLFV DQG KHQFH LPSURYHV WKH
VXVWDLQDELOLW\ RI SODVWLF PDQXIDFWXULQJ VHFWRU
$FNQRZOHGJHPHQWV
7KLV ZRUN LV ILQDQFLDOO\ VXSSRUWHG E\ WKH ,QQRYDWLRQ 7HDP
RI 1LQJER 6FLHQFH DQG 7HFKQRORJ\ %XUHDX %
DQG ,QGXVWULDO 7HFKQRORJ\ ,QQRYDWLRQ DQG ,QGXVWULDOL]DWLRQ RI
6FLHQFH DQG 7HFKQRORJ\ 3URMHFW $
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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